Abstract: High-pressure direct-injection (HPDI) natural gas marine engines are widely used because of their higher thermal efficiency and lower emissions. The effects of different injection rate shapes on the combustion and emission characteristics were studied to explore the appropriate gas injection rate shapes for a low-speed HPDI natural gas marine engine. A single-cylinder model was established and the CFD model was validated against experimental data from the literature; then, the combustion and emission characteristics of five different injection rate shapes were analyzed. The results showed that the peak values of in-cylinder pressure and heat release rate profiles of the triangle shape were highest due to the highest maximum injection rate, which occurred in a phase close to the top dead center. The shorter combustion duration of the triangle shape led to higher indicated mean effective pressure (IMEP) and NOx emissions compared with other shapes. The higher initial injection rates of the rectangle and slope shapes had a negative effect on the ignition delay periods of pilot fuel, which resulted in lower in-cylinder temperature and NOx emissions. However, due to the lower in-cylinder temperature, the engine power output was also lower. Otherwise, soot, unburned hydrocarbon (UHC), and CO emissions and indicated specific fuel consumption (ISFC) increased for both rectangle and slope shapes. The trapezoid and wedge shapes achieved a good balance between fuel consumption and emissions.
Introduction
In recent years, oil shortages and environmental pollution have generated interest in reducing emissions from marine engines and clean, new alternative energies. The combustion of heavy oil produces CO 2 emissions, which is directly associated with combustion efficiency. Further, the reduction of emissions is also associated with combustion efficiency and fuel consumption. The common emissions of marine engines are CO 2 , hydrocarbon (HC), CO, sulfur, NOx, and soot. CO 2 is a greenhouse gas and is directly associated with engine fuel consumption, while the other emissions are harmful to the environment. Increasingly restrictive regulations have limited the emissions of marine engines [1] . Sulfur emissions have been controlled by the International Maritime Organization (IMO) since 2005 and are therefore no longer an issue for marine engines when low-sulfur fuel is used [2] . However, the NOx-soot trade-off makes it difficult to simultaneously reduce NOx and soot emissions in conventional diesel engines fueled with heavy oil [3] . Since it is very difficult to simultaneously make NOx and soot emissions meet emission regulations by only improving the combustion process, other abatement technology must be applied. Table 1 . Main specifications of the 4T50ME-GI research engine [23] . 
Parameters Value

Numerical Simulation Model
The simulation code used was 3D CFD software COVERGE [43] . It is a finite-volume CFD code capable of simulating three-dimensional incompressible or compressible reacting fluid flows in complex geometries with stationary or moving boundaries. CONVERGE uses an innovative modified cut cell Cartesian method for grid generation with the possibility of adding local refinement and adaptive mesh refinement (AMR) [43, 44] . The AMR technique enables local mesh refinement in regions of high temperature and velocity gradients. It is critical to include AMR to capture important flow features without requiring unrealistically large cell counts. As mentioned before, nowadays, natural gas can be produced from various biomass feedstocks [15, 16] ; moreover, the process of converting biogas into biomethane can be industrialized [45] . Whether it is biomethane or natural gas from fossil energy, its main component is methane [15, 16, 45, 46] . Therefore, methane was used to represent natural gas, whereas n-heptane was used to represent diesel. The physical properties of liquid diesel were represented by those of tetradecane (C 14 H 30 ). A reduced n-heptane mechanism consisting of 109 species and 334 reactions was used to represent the combustion chemistries of n-heptane and natural gas. Table 2 shows the list of submodels applied for simulation. Additionally, the no-time-counter (NTC) collision method by Schmidt and Rutland was used to describe the droplet collision effects [47] . The spray-wall interaction was simulated using the O'Rourke model [48] , and the Kelvin-Helmholtz/Rayleigh-Taylor (KH-RT) model was applied for the spray atomization and breakup simulation [49] . In addition, the mass flow rate was considered to be the boundary condition for the gas fuel injection [50] . The Reynolds-averaged Navier-Stokes (RANS)-based renormalization group (RNG) κ-ε submodel [51] was used to simulate the in-cylinder turbulence. The SAGE solver was adopted to simulate the combustion process [52] . The extended Zeldovich model [53] and Hiroyasu soot model [54] were used to simulate the NOx and soot emissions, respectively. Given that the instantaneous mass flow rate has not been experimentally measured, an assumed injection profile was adopted. As referenced in the works of Scarcelli and colleagues [55] [56] [57] , the injection profile was trapezoidal and the mass flow rate was assumed to be constant with a 1 • crank angle (CA) ramp-up and 1 • CA ramp-down. Hiroyasu soot model [54] Since CONVERGE does not include a gas injection model, defining the INFLOW boundary method was used to characterize the natural gas injection rate. The injection rate shape of the base case was an isosceles trapezoid.
To validate whether the INFLOW boundary could be used for high-pressure gas injection, the interaction between the gas jet and diesel spray from CFD was compared with results from experiments ( Figure 1 ) [58] . The view chosen to represent the numerical results was in a two-dimensional slice taken through the center of the computational domain. This was, therefore, the same plane upon which lay the axes of both the gas and diesel nozzles. The particles displayed in the slice represented the area density of diesel. Given that the droplets were so finely atomized, light was able to bend enough between the test region and the camera to effectively cover the shadow caused by the droplet. The frames and penetrations of the diesel spray and gas jet for the simulated results were in reasonable agreement with experimental data. Since CONVERGE does not include a gas injection model, defining the INFLOW boundary method was used to characterize the natural gas injection rate. The injection rate shape of the base case was an isosceles trapezoid.
To validate whether the INFLOW boundary could be used for high-pressure gas injection, the interaction between the gas jet and diesel spray from CFD was compared with results from experiments ( Figure 1 ) [58] . The view chosen to represent the numerical results was in a twodimensional slice taken through the center of the computational domain. This was, therefore, the same plane upon which lay the axes of both the gas and diesel nozzles. The particles displayed in the slice represented the area density of diesel. Given that the droplets were so finely atomized, light was able to bend enough between the test region and the camera to effectively cover the shadow caused by the droplet. The frames and penetrations of the diesel spray and gas jet for the simulated results were in reasonable agreement with experimental data. For the engine simulation, the mesh was generated automatically by using an adaptive generation method, with up to 1,500,000 grids.
Validation
Mesh grid size can significantly affect the computational time and accuracy. Before the CFD model was validated, the mesh grid needed to be selected. Adaptive mesh was adopted to save simulation time and ensure accuracy. The grid can be refined by adjusting the base grid, fixed embedding, and AMR. In this paper, the mesh analysis method was similar to Sun et al. [59] . The exhaust valve, cylinder, scavenge port, and injection were embedded. Given that the calculation time would increase significantly if more refined mesh were used, the base grid of 0.01 m and the AMR of 0.0025 m were adopted to simultaneously maintain the computational accuracy and efficiency. Figure 2 shows the comparison between the calculated and measured in-cylinder pressure and heat release rate profiles. As seen in the figure, generally good agreement between simulation and experiment was obtained. Detailed comparisons of the main combustion characteristics are presented in Table 3 . The maximum error for the maximum in-cylinder pressure (Pmax) phasing was 5.6%, while the simulated combustion phasing (CA50), indicating the specific fuel consumption, and NOx and CO emissions were all very close to those of the experimental data, indicating that the model setup was reasonable and reliable. For the engine simulation, the mesh was generated automatically by using an adaptive generation method, with up to 1,500,000 grids.
Mesh grid size can significantly affect the computational time and accuracy. Before the CFD model was validated, the mesh grid needed to be selected. Adaptive mesh was adopted to save simulation time and ensure accuracy. The grid can be refined by adjusting the base grid, fixed embedding, and AMR. In this paper, the mesh analysis method was similar to Sun et al. [59] . The exhaust valve, cylinder, scavenge port, and injection were embedded. Given that the calculation time would increase significantly if more refined mesh were used, the base grid of 0.01 m and the AMR of 0.0025 m were adopted to simultaneously maintain the computational accuracy and efficiency. Figure 2 shows the comparison between the calculated and measured in-cylinder pressure and heat release rate profiles. As seen in the figure, generally good agreement between simulation and experiment was obtained. Detailed comparisons of the main combustion characteristics are presented in Table 3 . The maximum error for the maximum in-cylinder pressure (P max ) phasing was 5.6%, while the simulated combustion phasing (CA50), indicating the specific fuel consumption, and NOx and CO emissions were all very close to those of the experimental data, indicating that the model setup was reasonable and reliable. 
Results and Discussion
In this study, five different natural gas injection rate shapes were selected to evaluate the effects of different injection rate shapes on combustion and emission characteristics. Figure 3a shows five different injection rate shapes of natural gas, and Figure 3b shows the cumulative mass flow rate of the corresponding injection rate shapes, wherein the trapezoid shape was the base case. 
Combustion Characteristics
The in-cylinder pressure and heat release rate profiles for five different injection rate shapes are shown in Figure 4 . It can be seen that the injection rate shape had a significant influence on the heat release rate. Compared with the base case (trapezoid shape), the initial injection rates of the rectangular and sloped shapes were higher, hence the initial heat release rates and initial pressure rise rates also being higher. However, the peaks of in-cylinder pressure profiles were lower and the combustion duration was longer due to the lower maximum injection rates. Since the initial injection rates of the slope shape and rectangle shape were higher compared with the base case, more natural gas was entrained into the diesel-air mixture, and more natural gas was consumed in the initial combustion duration. Therefore, the initial pressure rise and initial heat release rate were higher, while the combustion phase was retarded due to the longer ignition delay periods. Since their initial injection rates were higher, more low-temperature natural gas was entrained into the diesel fuel mixture, the ambient temperature surrounding the diesel was lower, and natural gas consumed OH, thus prolonging the ignition delay periods. Therefore, the peaks of the in-cylinder pressure profile for the slope and rectangle shapes took place in a later phase. The in-cylinder pressure profile illustrated two peak values when adopting a wedge injection rate shape (the initial injection rate was relatively low), where the first peak was a consequence of the end of the compression stroke and the combustion of a small amount of fuel, whereas the second peak induced by the heat released from most of the natural gas occurred after a drop caused by the downward movement of the piston in the expansion stroke. The peaks of the heat release rate profiles for the triangle and wedge shapes were higher than the base case due to their higher maximum injection rates. The highest maximum injection rate of the triangle shape led to the highest peak values of heat release rate and in-cylinder pressure profiles. 
The in-cylinder pressure and heat release rate profiles for five different injection rate shapes are shown in Figure 4 . It can be seen that the injection rate shape had a significant influence on the heat release rate. Compared with the base case (trapezoid shape), the initial injection rates of the rectangular and sloped shapes were higher, hence the initial heat release rates and initial pressure rise rates also being higher. However, the peaks of in-cylinder pressure profiles were lower and the combustion duration was longer due to the lower maximum injection rates. Since the initial injection rates of the slope shape and rectangle shape were higher compared with the base case, more natural gas was entrained into the diesel-air mixture, and more natural gas was consumed in the initial combustion duration. Therefore, the initial pressure rise and initial heat release rate were higher, while the combustion phase was retarded due to the longer ignition delay periods. Since their initial injection rates were higher, more low-temperature natural gas was entrained into the diesel fuel mixture, the ambient temperature surrounding the diesel was lower, and natural gas consumed OH, thus prolonging the ignition delay periods. Therefore, the peaks of the in-cylinder pressure profile for the slope and rectangle shapes took place in a later phase. The in-cylinder pressure profile illustrated two peak values when adopting a wedge injection rate shape (the initial injection rate was relatively low), where the first peak was a consequence of the end of the compression stroke and the combustion of a small amount of fuel, whereas the second peak induced by the heat released from most of the natural gas occurred after a drop caused by the downward movement of the piston in the expansion stroke. The peaks of the heat release rate profiles for the triangle and wedge shapes were higher than the base case due to their higher maximum injection rates. The highest maximum injection rate of the triangle shape led to the highest peak values of heat release rate and in-cylinder pressure profiles. The cumulative heat release rate, in-cylinder pressure rise rate, and mean in-cylinder temperature profiles of five different injection rate shapes are shown in Figure 5 . It can be seen from the cumulative heat release rate profile that the start of combustion for the triangle shape was later than that of the base case, but it ended earlier, indicating that the combustion duration of the triangle shape was shorter than that of the base case, while the combustion durations of the rectangle and slope shapes were longer than that of the base case (Figure 5a) . A short combustion duration results in a reduction of the heat and time losses, resulting in higher thermal efficiency (i.e., lower fuel consumption). An excessively long combustion duration results in lower indicated power and higher indicated specific fuel consumption (ISFC). Figure 6 shows that the slope and rectangle shapes exhibited a lower indicated mean effective pressure (IMEP) and higher ISFC due to their longer combustion duration. The trends of the mean in-cylinder temperature and in-cylinder pressure rise rate profiles were consistent with that of the in-cylinder pressure profiles. The peaks of the mean incylinder temperature of all injection rate shapes appeared at about 20° CA ATDC, but the peak values were greatly different. The peak values of the mean in-cylinder temperature and in-cylinder pressure profiles for the triangle shape were the highest, and the peak took place in the earliest phase. The fluctuation ranges of the pressure rise rate profile for the slope shape were minimal in the five injection rate shapes. Since the main combustion process deviated from top dead center, the release of heat took place in a larger volume, and the pressure rise rate was lower. In addition, the trend of ISFC was the opposite of that of IMEP. The triangle shape illustrated a higher IMEP and lower ISFC. This was because the combustion duration of the triangle shape was shorter and the combustion phase was closer to top dead center, which led to a higher mean in-cylinder temperature, while the slope and rectangle shapes exhibited a higher ISFC and a lower IMEP. The ISFCs and IMEPs of the wedge shape and base case were moderate. The cumulative heat release rate, in-cylinder pressure rise rate, and mean in-cylinder temperature profiles of five different injection rate shapes are shown in Figure 5 . It can be seen from the cumulative heat release rate profile that the start of combustion for the triangle shape was later than that of the base case, but it ended earlier, indicating that the combustion duration of the triangle shape was shorter than that of the base case, while the combustion durations of the rectangle and slope shapes were longer than that of the base case (Figure 5a) . A short combustion duration results in a reduction of the heat and time losses, resulting in higher thermal efficiency (i.e., lower fuel consumption). An excessively long combustion duration results in lower indicated power and higher indicated specific fuel consumption (ISFC). Figure 6 shows that the slope and rectangle shapes exhibited a lower indicated mean effective pressure (IMEP) and higher ISFC due to their longer combustion duration. The trends of the mean in-cylinder temperature and in-cylinder pressure rise rate profiles were consistent with that of the in-cylinder pressure profiles. The peaks of the mean in-cylinder temperature of all injection rate shapes appeared at about 20 • CA ATDC, but the peak values were greatly different. The peak values of the mean in-cylinder temperature and in-cylinder pressure profiles for the triangle shape were the highest, and the peak took place in the earliest phase. The fluctuation ranges of the pressure rise rate profile for the slope shape were minimal in the five injection rate shapes. Since the main combustion process deviated from top dead center, the release of heat took place in a larger volume, and the pressure rise rate was lower. In addition, the trend of ISFC was the opposite of that of IMEP. The triangle shape illustrated a higher IMEP and lower ISFC. This was because the combustion duration of the triangle shape was shorter and the combustion phase was closer to top dead center, which led to a higher mean in-cylinder temperature, while the slope and rectangle shapes exhibited a higher ISFC and a lower IMEP. The ISFCs and IMEPs of the wedge shape and base case were moderate. The in-cylinder temperature and equivalence ratio distributions from 0.5° to 20.5° CA ATDC are shown in Table 4 . The temperature distribution is shown on the left of each slice, and the equivalence ratio distribution is shown on the right. A higher injection rate means a higher gas jet velocity, as well as an enhanced turbulence flow in cylinder, which is beneficial for fuel-air mixing. Moreover, higher gas jet velocity also strengthens in-cylinder turbulence intensity, then accelerates the entrainment process of the unburned mixture into the burning region. Correspondingly, the high-temperature combustion region is larger. As shown in Table 4 , the higher initial injection rates of the rectangle and slope shapes led to more low-temperature natural gas being entrained into the burning region or suitable for diesel spontaneous ignition regions; then, the combustion or ignition of pilot diesel was suppressed. Thus, the high equivalence ratio region was wider and the high-temperature region almost disappeared at 0.5° CA ATDC (natural gas was just injected into the cylinder at this moment). On the contrary, the high equivalence ratio regions of the wedge and triangle shapes were concentrated near the nozzle due to lower initial injection rate. Therefore, the initial combustion processes of pilot diesel were almost not affected and high-temperature regions were larger. At 5.5° CA ATDC, the equivalence ratio distribution of the rectangle shape was widest, and the hightemperature combustion region was largest. At this moment, the injection rate of the base case was higher than the rectangle case, and the combustion region was similar to that of the rectangle shape. However, the equivalence ratio distribution and high-temperature combustion region were smaller than those of the rectangle case. At 10.5° CA ATDC, the equivalence ratio distribution of the triangle shape was wider due to its higher maximum injection rate, hence the high-temperature combustion region of the triangle shape being larger than those of the other cases. However, more NOx formed in the larger high-temperature region. In the late stage of gas injection, the wedge, slope, and rectangle shapes still maintained a higher injection rate. The high equivalence ratio regions were exhibited near the natural gas injector. Therefore, the combustion processes were more intense than those of the other two cases. However, the intense combustion was not conducive to power output because the combustion phase deviated from top dead center. In addition, the air flow (in the black circle) outside of the gas jet was less affected by the gas jet, and the fuel-air mixing was worse. In other words, the fuel was concentrated in a relatively small region, which was not suitable for combustion; hence, the UHC emissions were higher. The in-cylinder temperature and equivalence ratio distributions from 0.5 • to 20.5 • CA ATDC are shown in Table 4 . The temperature distribution is shown on the left of each slice, and the equivalence ratio distribution is shown on the right. A higher injection rate means a higher gas jet velocity, as well as an enhanced turbulence flow in cylinder, which is beneficial for fuel-air mixing. Moreover, higher gas jet velocity also strengthens in-cylinder turbulence intensity, then accelerates the entrainment process of the unburned mixture into the burning region. Correspondingly, the high-temperature combustion region is larger. As shown in Table 4 , the higher initial injection rates of the rectangle and slope shapes led to more low-temperature natural gas being entrained into the burning region or suitable for diesel spontaneous ignition regions; then, the combustion or ignition of pilot diesel was suppressed. Thus, the high equivalence ratio region was wider and the high-temperature region almost disappeared at 0.5 • CA ATDC (natural gas was just injected into the cylinder at this moment). On the contrary, the high equivalence ratio regions of the wedge and triangle shapes were concentrated near the nozzle due to lower initial injection rate. Therefore, the initial combustion processes of pilot diesel were almost not affected and high-temperature regions were larger. At 5.5 • CA ATDC, the equivalence ratio distribution of the rectangle shape was widest, and the high-temperature combustion region was largest. At this moment, the injection rate of the base case was higher than the rectangle case, and the combustion region was similar to that of the rectangle shape. However, the equivalence ratio distribution and high-temperature combustion region were smaller than those of the rectangle case. At 10.5 • CA ATDC, the equivalence ratio distribution of the triangle shape was wider due to its higher maximum injection rate, hence the high-temperature combustion region of the triangle shape being larger than those of the other cases. However, more NOx formed in the larger high-temperature region. In the late stage of gas injection, the wedge, slope, and rectangle shapes still maintained a higher injection rate. The high equivalence ratio regions were exhibited near the natural gas injector. Therefore, the combustion processes were more intense than those of the other two cases. However, the intense combustion was not conducive to power output because the combustion phase deviated from top dead center. In addition, the air flow (in the black circle) outside of the gas jet was less affected by the gas jet, and the fuel-air mixing was worse. In other words, the fuel was concentrated in a relatively small region, which was not suitable for combustion; hence, the UHC emissions were higher. 
Emissions
Since Tier III emission regulations were implemented in 2016, the emissions of marine engines are further limited [60] . Therefore, the emissions of HPDI natural gas marine engines are an important indicator for evaluating these engines. The common emissions of five different injection shapes are compared in Figure 7 . The NOx emissions of HPDI natural gas marine engines can meet Tier II emission regulations without any optimized strategy, which is better than traditional diesel engines. However, the NOx-ISFC trade-off is not eliminated. NOx formation is mainly related to high temperature, oxygen concentration, and high-temperature duration. The high-temperature region of the triangle shape was the largest, and it maintained a long duration; hence, the NOx emissions were the highest. The NOx emissions of the rectangle and slope shapes were lower due to their lower mean in-cylinder temperatures. The NOx and soot emissions of the wedge shape were slightly lower than those of the base case, while ISFC was just slightly higher than that of the base case. The potential of the wedge shape to reduce NOx emissions can be further explored. The soot emissions of the HPDI natural gas marine engine are much lower than those of a traditional diesel engine. However, the NOx-soot trade-off is unmitigated. The soot emissions of the rectangle shape were the highest, and those of trapezoid, wedge, and triangle shapes were lower. On one hand, the higher initial injection rate of the rectangle had a negative effect on the combustion of pilot diesel and the subsequent 
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Since Tier III emission regulations were implemented in 2016, the emissions of marine engines are further limited [60] . Therefore, the emissions of HPDI natural gas marine engines are an important indicator for evaluating these engines. The common emissions of five different injection shapes are compared in Figure 7 . The NOx emissions of HPDI natural gas marine engines can meet Tier II emission regulations without any optimized strategy, which is better than traditional diesel engines. However, the NOx-ISFC trade-off is not eliminated. NOx formation is mainly related to high temperature, oxygen concentration, and high-temperature duration. The high-temperature region of the triangle shape was the largest, and it maintained a long duration; hence, the NOx emissions were the highest. The NOx emissions of the rectangle and slope shapes were lower due to their lower mean in-cylinder temperatures. The NOx and soot emissions of the wedge shape were slightly lower than those of the base case, while ISFC was just slightly higher than that of the base case. The potential of the wedge shape to reduce NOx emissions can be further explored. The soot emissions of the HPDI natural gas marine engine are much lower than those of a traditional diesel engine. However, the NOx-soot trade-off is unmitigated. The soot emissions of the rectangle shape were the highest, and those of trapezoid, wedge, and triangle shapes were lower. On one hand, the higher initial injection rate of the rectangle had a negative effect on the combustion of pilot diesel and the subsequent combustion temperature was lower. On the other hand, the higher initial injection rate resulted in a high equivalence ratio region, which was suitable for soot generation in moderate-temperature high equivalence ratio regions. Additionally, the whole combustion temperature of the rectangle shape was relatively low, which was not conducive to oxidation of soot; thus, soot emissions were higher for the rectangle shape. Table 5 shows the soot (left) and NOx (right) distributions at 0.5 • , 10.5 • , 20.5 • , and 30.5 • CA ATDC for the five injection rate shapes. The temperature and equivalence ratio distributions in Table 4 show that the high equivalence ratio regions of the trapezoid, wedge, and triangle shapes were relatively smaller at the initial injection stage; thus, the initial combustion regions were smaller. However, the combustion temperatures of pilot diesel in these three cases were higher. Therefore, the NOx emissions were higher than the other two cases, whereas the soot emissions were lower. A higher gas jet velocity promotes natural gas-air mixing, and the equivalence ratio distribution suitable for combustion is larger. Meanwhile, the high injection rate enhances in-cylinder turbulence flow, and the higher turbulence intensity promotes the entrainment effect of the unburned mixture into the burning regions. Therefore, a better combustion process is achieved. Hence, the NOx distribution of the triangle shape was the highest. The oxidations of soot for the rectangle and slope shapes were slow due to their lower combustion temperature in the late combustion stage. Therefore, the soot concentrated near the cylinder wall for the rectangle and slope shapes at 20.5 • CA ATDC due to their lower temperature near the wall.
CO and HC are the intermediate species of the oxidation of fuel, and their fluctuations are consistent with soot emissions. The CO + HC emissions of the rectangle shape were highest owing to its lowest mean in-cylinder temperature and lower maximum injection rate. The lowest mean in-cylinder temperature indicated that the in-cylinder reaction rates were slower, and the lower injection rate led to fuels concentrating in a small region. More fuels were consumed in incomplete combustion as a consequence of the above two effects; thus, CO + HC emissions were higher. The CO + HC emissions of the triangle shape were the lowest due to its highest maximum injection rate and highest peak value of mean in-cylinder temperature profile. The maximum injection rate and the peak values of mean in-cylinder temperature profiles for the trapezoid and wedge shapes were slightly lower than those of the triangle shape but higher than those of the other two cases. Therefore, CO + HC emissions were slightly higher than the triangle shape but lower than the other two cases. Methane (CH 4 ) is a greenhouse gas, which has a greater effect than CO 2 . Since CH 4 is the primary component of natural gas, CH 4 emissions are directly related to ISFC. The trend of CH 4 emissions was associated with the emissions of soot and CO + HC. The CH 4 emissions of the triangle shape were relatively low, and the CH4 emissions of the wedge shape and base case were just slightly higher than those of the triangle shape. It should be noted that the impact of natural gas leakage was not considered in the simulation. CH 4 emissions are derived from unburned methane in the excessively lean equivalence ratio regions. The flammability limit of methane is relatively wide [61] , hence the calculated CH 4 emissions being lower than the experiment (2 g/kW·h). Figure 8 compares the formation of the main intermediate species of the rectangle shape (a) and the triangle shape (b). C7, C5, and C4 of the rectangle shape were higher. Since lower alkanes are difficult to combine into higher alkanes, the C7, C5, and C4 were mainly derived from the oxidation of diesel. Due to higher initial injection rate of the rectangle shape, more low-temperature natural gas was entrained into the burning region, which had a negative effect on combustion. The intermediate species with a high carbon number increased, which was consistent with combustion analysis discussed in Section 3.1. Therefore, a lower initial gas injection rate is beneficial for reducing CO + HC emissions. 
Conclusions
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The injection rate shape has a great influence on the combustion and emissions of dual-fuel marine engines. In the current study, numerical investigations were conducted to study the influences of different injection rate shapes on the combustion and emission characteristics of a large-bore two-stroke natural gas/diesel dual-fuel marine engine. The major results can be summarized as follows:
(1) Compared with the trapezoid shape, the triangle shape had a higher peak value of in-cylinder pressure and heat release rate profiles due to its highest peak value of gas injection rate, and the phase of the peak value was close to top dead center. Meanwhile, the mean in-cylinder temperature and IMEP were higher. Conversely, the ISFC was lower. However, the higher combustion temperature of the triangle shape also led to higher NOx emissions.
(2) The lower NOx emissions of the rectangle and slope shapes were beneficial due the lower combustion temperature, but their ISFCs increased. The emissions of soot, CO + HC, and CH 4 of the rectangle and slope shapes were higher.
(3) The wedge and trapezoid shapes achieved a good balance between ISFC and emissions. However, other abatement technology must be applied to meet Tier III emission regulations. Funding: his work was supported by the high-tech Ship Research Program of MIIT, which is a prototype research study of 400 mm natural gas dual-fuel marine engines (phase I of the Marine Low-Speed Engine Project).
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